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| INTRODUCTION
Seeing is believing; optical imaging is one of the most powerful tools in biology. These data bring convincing evidence, novel insights, or in-depth understanding in biology. Especially in histological analysis, visualization of antigens or colocalization provides a snapshot of physiological phenomena in vivo. Recent advances in optical technologies have brought revolutionary improvements in resolution. Super-resolution microscopy, which won the Nobel Prize in Chemistry in 2014, is the representative technology. [1] [2] [3] Super-resolution imaging has been applied to in vitro cell culture, including megakaryocytes and platelets. 4, 5 Some researchers have reported super-resolution imaging in soft tissue such as brain, 6 cardiac tissue, 7 or rectal cancer. 8 However, there have been no reports of super-resolution imaging that visualized megakaryocytes in the intact structure of bone marrow.
One major barrier is that the parenchyma of bone marrow is surrounded by hard bone tissue, making it difficult to make sections compared to other tissue samples. Without special treatment or techniques, it is impossible to make a thin-slice section while maintaining the integrity of the structure for histological analysis of bone marrow. One alternative method is to flush the bone marrow from the femur and then make thin sections. 9 Another example is decalcification of the bone marrow. 10 However, there is a trade-off in these techniques. Flushing the bone marrow requires expertise to obtain a reliable sample and may still have the potential to destroy the microarchitecture of hematopoietic cells. In the study of megakaryocyte migration and platelet generation, as well as in the stem cell research, analysis of the localization of cells in the bone marrow microenvironment is crucial. 11, 12 On the other hand, the decalcification procedure requires harsh processing, which may influence the protein epitopes in the samples and recognition by the antibody. 13, 14 Furthermore, decalcification is a time-consuming process, and it takes several days to complete the EDTA decalcification process.
As is well known, Kawamoto and Kawamoto 15 have developed a unique method using a special adhesive film to maintain the structure of the specimen. This method enabled us to make frozen sections easily from soft tissue, hard tissue including bone, or plant tissue as thin as several microns without needing decalcification. With the advantage that the proteins of specimens can be kept intact, this method has been applied in a wide range of research such as laser microdissection, 16 enzymatic histochemistry, 17 or mass spectrometry. 18 The biggest advantage of this method is that thin-sliced cryosections can be prepared in the same way as soft tissue, maintaining the antigen epitopes and expanding the options of antibodies for staining. The only concern is that looking at the specimen through the film is not compatible for high magnification or high numerical aperture (NA) objective lens because of the properties of the film.
Therefore, most studies using Kawamoto's film method have shown imaging captured at lower magnification. 19, 20 From this context, we have developed a simple method to overcome the weakness of the conventional method while keeping the great advantage of the films. We discovered a way to modify the process of mounting the films to adjust the refractive index to minimize light scattering. Here, we report a modified application of Kawamoto's film method, which greatly improved the resolution of megakaryocyte over the diffraction limit in undecalcified bone tissue.
| MATERIAL AND METHODS

| Sample preparation
All animal studies were performed according to protocol approved by the Scripps Research Institute and Institutional Animal Care and Usage Committee. According to the previous report of Kawamoto's film method, 17 bone marrow sections were prepared. Briefly, the limb was taken from 8-to 10-week-old male mice of C57BL/6J wild type, then directly snap-frozen, soaking in hexane with dry ice and embedded in embedding medium. Samples were sectioned at 5 μm using a cryostat. Sections were fixed with 4% paraformaldehyde for 5 minutes and washed, then followed by immunostaining.
| Immunostaining
Sections were fixed with 4% paraformaldehyde, then blocked and permeabilized with 0.1% Triton X-100 PHEM buffer containing 5% normal goat serum (Invitrogen, Waltham, MA, USA). CD41 was stained with rat anti-mouse Integrin αIIb (MWReg30; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and visualized with goat antirat IgG secondary antibody Alexa Fluor 488 (Invitrogen). ß-tubulin was stained with mouse anti-mouse ß-tubulin (TUB 2.1; Santa Cruz Biotechnology) and visualized with goat anti-mouse IgG secondary antibody Alexa Fluor 555 (Invitrogen). F-actin was stained with Alexa Fluor 647 phalloidin (Invitrogen). The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Dojindo Molecular Technologies, Kumamoto, Japan).
| Mounting procedure
For the conventional Kawamoto's film method, after placing an adequate amount of mounting media, the film with the specimen was directly attached onto a glass slide. For the modified Kawamoto's film method, the film with the specimen was first attached to a precision coverslip #1.5H (THORLABS, Newton, NJ, USA) with mounting media. The coverslip and film were subsequently placed onto a glass slide. To avoid air bubbles, additional mounting media was supplemented between the coverslip and film. Nail polish (Electron Microscopy Sciences, Hatfield, PA, USA) was used for sealing the edges of the coverslip. Mounting media was Prolong Glass (Invitrogen) for both methods. After 24 hours for curing of the mounting media, the following microscopic observation was conducted.
| Wide-field epi-fluorescence microscopy
For wide-field imaging, images were acquired with BZ-X700 allin-one fluorescence micro×scope (Keyence Corp., Osaka, Japan).
Plan-apochromat 10×/0.45 dry and plan-apochromat 60×/1.40 oil immersion objective lens were used for the observation. The images were analyzed with BZ-X Analyzer software (Keyence Corp.).
| Confocal laser scanning microscopy
Confocal laser scanning microscopy (CLSM) was performed with an LSM 880 with Airyscan module (Carl Zeiss AG, Oberkochen,
Germany). The objective lens was an alpha Plan-Apochromat 100×/1.46 DIC M27 Elyra oil immersion objective lens. The image was analyzed with Fiji image analysis software. 21 For the deconvolution of F-action and ß-tubulin signal, super-resolution radial fluctuation (SRRF) was applied using NonoJ-SRRF (ImageJ plugin, NIH, Bethesda, MD, USA). 22 
| Stochastic optical reconstruction microscopy
For stochastic optical reconstruction microscopy (STORM) imaging, the mounting medium was changed to Vectashield (Vector Laboratories, Burlingame, CA, USA) according to the previous report. 23 CFI Apochromat TIRF 100×/1.49 oil immersion objective lens on a Nikon Eclipse TE2000 inverted microscope equipped with a Nikon N-STORM system was used. The image was analyzed with NIS-Elements AR (Nikon Inc., Melville, NY, USA).
| Quantification of images
For quantification of the fluorescence intensity, ImageJ was used.
For absolute measurement of image focus quality, the images were analyzed by Microscope Image Focus Quality Classifier (ImageJ plugin). 24 Data were analyzed by Prism7 (GraphPad Software, La Jolla, CA, USA). Significant differences were determined by the Student's t-test.
| RESULTS AND DISCUSSION
The overview of our method is depicted in Figure 1 . In the conven- figure. In the conventional Kawamoto's film method, the film with the specimen was directly attached on the glass slide. In the modified Kawamoto's film method, the film with the specimen was inverted and sandwiched between the coverslip and glass slide Kawamoto's film method has the strong advantage that enables us to stain a hard tissue sample without a decalcifying process in a simple way. By virtue of that, it has provided enormous histologic evidence and has played a pivotal role in wide-ranging research areas. However, on account of its film property, it has not been compatible with higher magnification observation as shown in Figure 2 . To obtain clear, optimal images, elaborate sample preparation is required as subtle optical obstruction will influence the quality of the images, especially at higher magnification. The refractive index mismatch between the immersion oil and specimen can cause spherical aberrations, which impedes the resolution of microscopy, leading to the deterioration of the resolution and fluorescence intensity to become dim. 25 Conventional Kawamoto's film method uses the film not only as a supportive material of the section but also as a coverslip. Therefore, the difference in the refractive index between the immersion oil and the film, or the film and the mounting medium, can cause spherical aberrations ( Figure 1A) , resulting in signal reduction and blurriness in high-magnification observation (Figure 2A-C) . For minimizing spherical aberrations, we have modified the method by (1) flipping the film to keep it away from the light path; (2) adjusting the refractive index using a mounting medium of which refractive index is close to 1.52; and (3) using the high-precision coverslip, which has uniform thickness.
The majority of studies on megakaryocytes that use super-resolution microscopy have been performed in vitro, 26 which may have "artificial" conditions. With the proposed method, the molecular behavior of megakaryocytes will be able to be visualized in super-resolution imaging in an intact bone marrow structure. Especially, the technique might have a potential to contribute to thrombosis and hemostasis research from the viewpoint of cytoskeletal proteins and megakaryocytopoiesis as shown in Figure 3 . 
